A B S T R A C T Activity of the microsomal enzyme, steroid sulfatase, is absent in keratinocytes, fibroblasts, and leukocytes of patienits with recessive xlinked ichthyosis. This study was uiidertaken to determine if cholesterol sulfate, a substrate of this enzyme, accumulates in the pathological scale of these patients.
A B S T R A C T Activity of the microsomal enzyme, steroid sulfatase, is absent in keratinocytes, fibroblasts, and leukocytes of patienits with recessive xlinked ichthyosis. This study was uiidertaken to determine if cholesterol sulfate, a substrate of this enzyme, accumulates in the pathological scale of these patients.
Scales from 8 patients with recessive x-linked ichthyosis, 10 patienits with other fornms of ichthyosis, and normal human outer stratum corneum were extracted with chloroform/water (1:2:0.8 by vol) and lipids were fractionated by quantitative, sequential thin-layer chromatography. Cholesterol sulfate was identified by cochromatography in several solvent systemns, by its staining characteristics, by biochemical analysis, and by mass spectrometry. The mean cholesterol sulfate content of recessive x-linked ichthyotic scale was 12.5+0.8% of the total lipid, a fivefold increase over normal (P < 0.0025), whereas the cholesterol sulfate content of other ichthyotic scale was normal. This increase in cholesterol sulfate content was accompanied by a decrease in total neutral lipids (P < 0.0025) and free sterols (P < 0.025) but no change in sterol esters or total sterols. These results demonstrate that deficiency of steroid sulfatase in recessive x-linked ichthyosis results in excessive accumulation of a substrate, cholesterol sulfate, in the pathologic scale, which may underly the pathogenesis of the scaling in this disorder. Measurement of cholesterol sulfate content in scale provides an alternative method to enzymatic assay for the diagnosis of this form of ichthyosis.
I NTRODUCTION
The ichthyoses comprise a group of dermatoses characterized by increased stratum corneum thickness maniifested by excessive scaling. Currently, four major types are distinguished by their clinical features and nmode of inheritance (1, 2) . Recently, one form, recessive x-linked ichthyosis (RXLI),1 was found by Shapiro et al. (3) to be associated with a deficiency of the microsomal enzyme, steroid sulfatase (arylsulfatase C), in cultured fibroblasts. More recently, the enzyme has also been founid to be lacking in stratumn corneum (4), hair bulbs (4), cultured keratinocytes (5) , and leukocytes (6) . Since deficiency of fibroblast steroid sulfatase has now been confirmed in a large number of patients from many parts of the world (7, 8) , Shapiro has proposed that RXLI is due to absence ofthis enzyme. However, direct evidence for a link between steroid sulfatase deficiency and the pathogenesis of RXLI is still lacking.
Several lines of evidence suggest that lipids are important for normal stratum comeum structure and function. Lipids constitute 6-10% of normal stratum corneum by weight (9, 10) , where they are found primarily in the intercellular spaces (11) . By ultrastructural and histochemical criteria they form broad, laminated sheets (12) , and account for a substantial volume of the normal stratum corneum (13) . Numerous studies from humans and experimental animals indicate a critical role for stratum corneum lipids in epi-dermal permeability function (cf. 12, 14) . Preliminary evidence also suggests that stratum corneum lipids may be essential for the invisible, orderly process of normal desquamation (15, 16 (2) . Moreover, the diagnosis ofRXLI was confirmed by prior assay of steroid sulfatase activity in fibroblasts and /or leukocytes (6) (Table I) .
Scales were obtained from patients with various forms of ichthyosis by gentle scraping with a number 15 scalpel blade. The lower back and/or legs were chosen to minimize contamination with endogenous sebaceous lipids and were left untreated topically for at least 4 wk before scale collection. Normal human outer stratum corneum (NHS-SC) was obtained from desquamating scales after the removal of orthopedic extremity casts (patients 19 (18); (c) characteristic mass spectrum; and (d) generation ofpure cholesterol alone on mass spectrum after solvolysis. After solvolysis only cholesterol was present on mass spectrometry; no 7-dehydrocholesterol or cholecalciferol (vitamin D3) was present.
The pooled and weighed neutral lipid fraction from the previous TLC was further fractionated by silica gel TLC that used petroleum ether/diethyl ether/glacial acetic acid (80:20:1, by vol). These plates were developed and photographed, and the lipids extracted and weighed as described above. This system fractionated the neutral lipids into glycosphingo-lipids, free fatty acids, free sterols, triglycerides, a band containing sterol esters, wax esters, and hydrocarbons, as well as a few unknown bands (5-10% total lipid). The sterol and wax esters were separated from hydrocarbons by development in petroleum ether/diethyl ether (95:5, by vol), extracted and hydrolyzed with 12% boron tichloride, rechromatographed in the neutral lipid solvent, and the free sterol band extracted and weighed.
RESULTS
Lipid extracts of scale were obtained from 8 patients with RXLI, 10 patients with other forms of ichthyosis, and 4 normal controls. The mean total lipid content of all ichthyotic scales, 12.1±1.3%, (range, 4.3 to 24.1%) did not differ significantly from that of normal human outer stratum comeum (10.5±3.9% (range, 4.4 to 13.3%) (Table III) . These totals reflect the sum of the lipid recovered in the organic solvent phase plus the cholesterol sulfate recovered from the aqueous phase (Table III) .
Using the tetrahydrofuran/methylal/methanol/ammonium hydroxide solvent system (Methods), cholesterol sulfate fractionated as a single band distinct from polar lipids, neutral lipids, and glycosphingolipids. A prominent cholesterol sulfate band was encountered only in RXLI, whereas neither normals nor patients with other forms of ichthyosis displayed a prominent fraction of comparable mobility ( Figs. 1 and 2 ). Cholesterol sulfate was recovered from both the aqueous and chloroform phases of the extraction procedure (see Table IV (8) . Although it is tempting to speculate that cholesterol sulfate provokes the pathological scaling in RXLI, such a link remains to be established. Moreover, it could be argued that the reduction in free sterols (Table V) might be of more overriding importance than the elevation in cholesterol sulfate. This possibility deserves careful consideration in view of the ichthyotic syndromes that have been described as a sideeffect of several cholesterol-lowering drugs (see below).
Very little is known about the distribution of cholesterol sulfate in normal tissues (19) , however, this substance has been found in small quantities in plasma, liver, kidney, aorta, adrenal, and brain (19, 21) , and in erythrocyte membranes (22) . Although its function in these tissues is not known, a role in membrane stabilization has been postulated for sperm (23) and erythrocytes membranes (22) . Recently, increased cholesterol sulfate has been detected in the plasma ofpatients with RXLI where it is carried predominantly in the low density lipoprotein fraction, altering its electrophoretic mobility (24) . Since the quantity of cholesterol sulfate in RXLI scale (>1% of total stratum corneum weight) far exceeds the levels detected in RXLI plasma, it is likely that the observed accumulation of cholesterol sulfate in scale is a direct result of epidermal biosynthetic activity, rather than merely a passive reflection of increased plasma choles- terol sulfate content. On the other hand, serum levels of sulfated steroid hormones do not appear to be altered in RXLI patients (25) , and therefore it is less likely that sulfated steroid hormones play a role in the pathogenesis of this disorder.
Role of stratum cortneum lipids in normal and abnormal desquamation. The factors that control normal, orderly desquamation of outer stratum corneum are as yet poorly understood. It is possible, however, that stratum corneum lipids play an important role in this process (12) . Lipids constitute -10% of normal stratum corneum by weight where they are found predominantly within the intercellular spaces (11) as broad, laminated sheets (12) . Thus, by morphological, cytochemical, and biochemical criteria, lipids appear to reside in the correct location to play a potentially prominent role in cohesion and desquaination (15) . Perhaps the strongest evidence for a role of stratum corneum lipids in the modulation of stratum corneum desquamation derives from the observation that a number of scaling disorders occur in acquired or inherited defects of lipid metabolism. Ichthyosis, palmarplantar keratoderma, and acanthosis nigricans, occur as side effects of several drugs (26) (27) (28) (29) that interfere with cholesterol biosynthesis or lower serum cholesterol by as yet unknown mechanisms. As reported here, RXLI scales contain not only increased cholesterol sulfate, but also decreased free sterols, raising the possibility that the reduction of free sterols may also regulate desquamation in RXLI. In certain inherited multisystem disorders with ichthyosis, such as multiple sulfatase deficiency (30) , neutral lipid storage disease (31) , and Refsum's disease (32), a defect in lipid metabolism has been established or strongly suspected. In Refsum's disease, where the ability to oxidize phytanic acid is impaired, epidermal lipids contain large amounts of phytanic acid in the phospholipid, sterol ester, and triglyceride fractions (33) . Moreover, a case of Harlequin fetus, a lethal form of congenital ichthyosis, was reported that demonstrated increased quantities of sterols and triglycerides, as well as retained lipid vacuoles, in the stratum corneum (34) .
Finally, although their contribution to the overall pathogenesis of these disorders is not established, altered epidermal or systemic lipid metabolism occurs in common scaling disorders, such as psoriasis (35) (36) (37) , atopic dermatitis (38) , lichen simplex chronicus (35) , and essential fatty acid deficiency (39 
